A cadmium-binding protein was isolated from roots of the grass Agrostis gigantea Roth. Heat-stable proteins were chromatographed on the anion exchanger QAE-Sephadex A-25. The major cadmium fraction was purified further by gel filtration on Sephadex G-75 in 1 molar KCI buffer. The resulting protein preparation was light brown, had an apparent molecular weight of 3700, contained 29% cysteine and close to 4 gram atoms cadmium/mole. The cadmium:cysteine ratio was 1:2.7. Spectroscopic measurements indicated cadmium-thiolate coordination. The roots produced the metallothionein-like protein when they were exposed to cadmium for 7 days.
rinsed in cold deionized H20, blotted, weighed, and frozen in liquid N2. The root masses were pulverized in liquid N2 and stored as a frozen powder.
Protein Isolation. In small scale extractions 15 to 20 g of root powder were homogenized with 1 volume (15 to 20 ml) of 20 mM Tris-HCI, pH 8.0, 5 mM ascorbic acid, 1 mm 2-mercaptoethanol, and 20 gM KCN using a mortar and pestle with acidwashed sand as abrasive. The mash was strained through four layers of cheesecloth and the pulp reextracted with a half-volume of buffer. These operations were performed in a glove box under a stream of N2 at 4°C using N2-purged buffer. The homogenate was heated rapidly to 60°C in boiling water and held at 60°C for 3 min with stirring under a stream of N2. The preparation was cooled and centrifuged at 20,000g for 20 min. The supernatant fluid was pumped onto a 5 x 1.6 cm column of QAE-Sephadex A-25 equilibrated with 5 mm Tris-HCI, pH 8.0. The loaded column was washed with equilibration buffer until the A254 was low. A 400-ml gradient from 0 to 800 NaCl in 5 mm Tris-HCl, pH 8.0, was applied. Flow rates were 68 to 70 ml h-' with 130 drop fractions (8.8-9 .0) collected at 4°C in an N2 atmosphere. Buffers were purged with N2 before use.
The same procedure was followed in large scale extractions using 160 to 220 g of root powder. The ion exchange chromatography was on 20 x 1.6-cm columns which were developed with a 600 ml gradient from 0 to 1 M NaCl in 5 mm Tris-HCl, pH 8.0. The column effluent prior to the salt gradient was not fractionated. Fractions of interest were pooled and concentrated to 1 to 2 ml by ultrafiltration over a Diaflo UM2 membrane (Amicon Corp.). The concentrate was diluted to 5 ml with 5 mM Tris-HCl, pH 8.0, 1 M KCI and applied to a 93 x 2.5-cm column of Sephadex G-75 equilibrated with the same high ionic strength buffer. The column was developed with 1 M KCI buffer at a flow rate of 23 to 24 ml h-'. Fractions of 100 drops (6.6 to 6.8 ml) were collected at 4°C in an N2 atmosphere. N2-purged buffers were used. The fractions containing Cd were pooled, desalted on Bio-Gel P-2 equilibrated with water, and lyophilized.
Analytical Procedures. UV absorption ofcolumn fractions was measured manually. Electrical conductivity of fractions was measured at room temperature. Cd and Cu were determined by atomizing column effluent directly, or dilutions thereof, in an atomic absorption spectrophotometer. The instrument was calibrated with commercial atomic absorption standards. Apparent mol wt of proteins were determined by gel filtration on a 57 x 0.9-cm column of Sephadex G-50 fine developed with 5 mm Tris-HCI, pH 8.0, 1 M KCI. The flow rate was 12 ml h-' with 60 drop fractions (4.1 ml) collected. The A254 of the effluent was measured in a flow cell with a 2-mm light path. The proteins used for calibration and their mol wt were: soybean trypsin inhibitor, 21,500; horse Cyt c, 12,700; aprotinin, 6,500; and cyanocobalamin, 1,370 Cd in root extracts was partitioned into four fractions on anion exchange chromatography (Fig. IA) . The material in fraction 1 could be free Cd2" and cationic complexes of Cd. Increasing ionic strength eluted two small and one large peak of Cd (fractions 2, 3, and 4, respectively). The Cd in fraction 4 accounted for 73% of the metal recovered from the column and was coincident with a UV peak, which was not the case with Cd in peaks 2 and 3. Extraction conditions affected the distribution of Cd in anion exchange chromatography. Inclusion of ascorbic acid and 2-mercaptoethanol decreased the amount ofCd present in fractions 1 and 2 from 14 and 4%, respectively (Fig. IA) , to 2% (Fig 1 B) and gave the highest yield to fraction 4 (90% in Fig. lB versus 73% in Fig. IA ). Mercaptoethanol itself contributed to the UV peak at the tail of fraction 1 and increased A254 in fractions 2 and 3 (Fig. 1B) . Extraction of roots with Tris buffer containing KCN followed rapidly by heat denaturation resulted in somewhat less Cd in fractions 1, 2, and 3 (7 to 8% each) and more in fractions 4 (78%) than when the heating step was excluded (Fig. IA) . The highest yield of anionic Cd complex (fraction 4) was obtained when the extraction buffer contained 2-mercaptoethanol and ascorbic acid, and when heat denaturation was used (Fig. IA) . Consequently, these were the conditions used for large scale extractions. The recovery of Cd from small and large QAE-Sephadex A-25 columns was between 93 and 95% irrespective of the extraction method. Figure 2A shows A typical desalted and lyophilized Cd-binding protein preparation from the Sephadex G-75 step (fraction 4G) was a light brown powder, perhaps due to bound phenolics (1, 9). The material migrated as one symmetrical Cd-containing band through Sephadex G-50 like a protein of mol wt 3,700 (Fig. 4) . The Cd content was 110 ,ug mg-' which was close to 4 Cd/mol protein. Zn and Cu were below the detection limit. At pH 7.1 the UV spectrum showed a shoulder at 257 nm (Fig. 5) . On titration to pH 0.4 the absorption leveled off. Back titration to pH 6.8 increased A254 to 43% of that of the native protein. The amino acid analysis showed a high content of cysteine and glutamic acid (Table I ). The Cd:cysteine ratio was 1:2.7 Negligible amounts of aromatic amino acids were found. Polyacrylamide gel electrophoresis at pH 8.3 in nondenaturing conditions was not definitive and in our experience prone to loss ofCd from the protein leading to subsequent oligomerization of the thiolrich protein. Two and three protein bands were observed behind the front which itself lacked brown pigment.
CM
The roots absorbed Cd readily. The Cd concentrations of the medium in a typical culture tank, from which 38 g of roots was harvested, were as follows. In 2 d, the initial 3 ,M Cd was depleted to 0.6 uM. Addition of 15 Mmol Cd raised the concen- (Fig. 1) against 1 M NaCl buffer. The Cd-binding protein solution eluted between electrical conductivities of 3 and 5 mmho cm-' was light yellow. When extracts of Cd-binding proteins were chromatographed on weakly basic DEAE-based anion exchangers, brown material eluted with the proteins of interest (1, 1 1) or no Cd complexes were eluted (6, 16) . The brown material is likely a product of phenol oxidation (1, 9). In the presence of such contaminants Cd-binding proteins are highly anionic as seen by their migration with the electrophoretic front at alkaline pH (1) or the inability to elute them from anion exchangers (6, 16) . The retention of brown material and elution of Cd-binding protein from QAE-Sephadex A-25 was a significant step in the purification of the Agrostis protein. Gel filtration of the Agrostis protein in high ionic strength buffer served to remove further contaminants (Fig. 3) . Gel filtration on Sephadex G-50 or G-75 has been the usual first chromatographic step (1, 2, 6, 16). We have found that brown material was not separated from the major Cd peak at this stage in the presence of low ionic strength buffer. By using QAE-Sephadex A-25 chromatography first, much of the brown material was removed while Cd-binding protein was recovered. Concentration of the desired fractions and addition of KCI prepared the sample for gel filtration at high ionic strength.
The Cd-binding protein characterized here was purified from fraction 4 of anion exchange chromatography (Fig. 1) . This fraction comprised nearly 90% of the soluble Cd and did not contain free Cd2' nor spuriously bound Cd (Fig. 2A) . This organo-Cd complex was inducible since it was only detected in roots exposed to Cd for 7 d (Figs. 1 and 2A) , a situation also found for tomato, tobacco, cabbage, soybean, and rice (1, 2, 6, 16) . The Cd-binding protein was more highly anionic than the Cu-binding protein (10) (Fig. 2B ) suggesting the presence of two different metal-binding proteins in Agrostis gigantea.
The Cd-binding protein from Agrostis is a metallothioneinlike protein because it is rich in cysteine, has a low mol wt, contains few aromatic amino acids, and binds Cd (5, 8) . However, the Agrostis protein differs considerably from the animal metallothioneins in the high content of acidic amino acid residues and in its small mol wt (see below). The Cd-binding complex from cabbage leaves contained 28% cysteine, 38% glutamic acid plus glutamine and 12.5% glycine (17). By comparison, the Agrostis protein contained 29%, 41.8%, and 5.5% of the respective amino acids (Table I ). This composition can not be for a single protein since calculation of the total number of residues, assuming phenylalanine as one, gives a mol wt much larger than that found (see below). We used acid to hydrolyze our protein, therefore any glutamine in the protein would appear as glutamic acid. Our value for glutamic acid may be an overestimate of its content in the protein. Perhaps the high electronegativity of the protein, as indicated by the high salt concentration required to elute the protein from the anion exchanger, is caused by a high glutamic acid content. Metallothioneins from animal sources are eluted at low ionic strengths (19).
The Agrostis Cd-binding protein had an apparent mol wt of 3,700 (Fig. 4) . This was less than that of vertebrate metallothioneins (6,100 plus metal for 61 amino acid residues, 10,000 by gel filtration [8] ) and the 10,000 to 33,100 D forms reported for various vascular plants (1, 2, 6, 16, 18 The Cd-binding protein from Agrostis had a UV absorption spectrum below 300 nm ( Fig. 5 ) which resembled that observed for vertebrate Cd, Zn-thionein (5, 15) . The shoulder at 257 nm indicated Cd-thiolate coordination. The loss of absorbance with acid and partial reappearance upon titration to pH 6.8 ( Fig. 5 ) suggested complete dislocation from and some rebinding to the cysteine sulfur. More specific evidence for Cd-thiolate bonding is obtainable by circular dichroism measurements (15). The Agrostis Cd-binding protein from fraction 4G had Cotton bands characteristic of the Cd-thiolate chromophore (14). Conversion of the Agrostis protein from the Cd-binding form to the Cubinding form by exchanging the metal with Cu(I) was unsuccessful. The Cotton bands disappeared and protein precipitated (U. Weser, personal communication) . This finding supports the notion that the Cd-and Cu-binding proteins of Agrostis differ significantly (Fig. 2B) .
The techniques used to prepare the roots for this study do not allow an adequate differentiation between extracellular and intracellular Cd content. Experiments are required to critically determine what proportion of the intracellular Cd is bound to the metallothionein-like protein under various external Cd concentrations. The isolation and purification procedures described here may be useful in developing a relatively rapid quantitative procedure for estimating the protein and associated Cd in small root samples. QAE-Sephadex A-25 chromatography and differential pulse polarography (12) were used to show a significant increase in Cu-binding protein within 1 d of presenting excess Cu to the Cu-tolerant clone 4 ofAgrostis used here (13).
On the basis ofthe high cysteine content, the low mol wt, and the binding ofCd via metal-thiolate coordination, it is concluded that the material isolated from Agrostis gigantea roots is a metallothionein-like protein. Demonstration ofthe characteristic cysteine-X-cysteine amino acid sequences of metallothioneins (5) would lend credence to naming this plant protein a Cdthionein. The protein would have to be purified further to the level of individual peptide species. Isometallothioneins can be separated by HPLC (7) .
